In this research work, agitation leaching of malachite using sulphuric acid solution was investigated in mechanical agitation reactor taking particle size, sulphuric acid stoichiometric ratio, solid percent and temperature as effective parameters. Based on results, malachite and azurite were found to be the main minerals of the representative sample. Sulphuric acid concentration effect in three different amounts of 5%, 10% and 20% was examined. To find out maximum sulphuric acid consumption vs. particle size, bottle roll tests were conducted. Full factorial design (24) with three centre points was applied to determine optimum conditions for three studied responses including copper recovery, iron recovery and sulphuric acid recovery. The optimum leaching conditions were found to be as follows: particle size, 600 microns: sulphuric acid stoichiometric ratio, 4: solid percent, 45%: temperature, 25°C. Under these optimum conditions, copper recovery, iron recovery and sulphuric acid recovery were 83.84%, 99.64% and 2.96%, respectively.
Introduction
Malachite is considered one of the most important minerals for the recovery of copper. It can be reached by acid and inorganic materials such as sulphuric acid, ammonium and carbonates to produce copper solutions (Bingöl et al., 1994) . The dissolution kinetics of malachite has been investigated and then it was reported that the concentration of H 2 SO 4 was the main factor on the dissolution rate of malachite. From the investigation of the leaching kinetics of malachite in ammonia solutions it was found that particle size plays a key role in the dissolution of copper mineral (Künkül et al., 1994) . The leaching rate of malachite was also studied in phosphoric acid at different reaction temperatures. It was found that phosphoric acid easily dissolves copper in malachite which for temperature 60°C and leaching time 60 min, 80% of copper was extracted (Ji et al., 2014) . Leaching of malachite by citric acid extracted ~92% of copper into solution under obtained optimum conditions. It revealed that chemical reaction of malachite with citric acid controls the dissolution rate of malachite leaching; however, increase in temperature had no significant effect on copper extraction (Shabani et al., 2012) . A comprehensive study of malachite leaching by sulphuric acid demonstrated that it resulted in high recoveries of copper while other minerals, such as iron, were slightly affected from sulphuric acid medium. According to the findings, for higher concentrations of sulphuric acid, there was a direct relationship between the acid concentration and the dissolution rate of malachite (Bingöl and Canbazoğlu, 2004) . Sulphuric acid is the cheapest leaching agent for oxidised copper ores, which has been widely used over years. Malachite gives the following reaction by H 2 SO 4 : (Ata et al., 2001) 
Over decades, finding a method to design and optimise obtained data has been a challenging issue. Unlike conventional methods, using experimental designs has tremendously improved the accuracy and speed of data optimisation in the industry. It is been proved that there are several important factors which considerably influence leaching process including leaching time, amount and concentration of consumed acid, temperature, and particle size distribution (Ata et al., 2001; Rahmani Majid, 2001 ). The full factorial approach for experimentation covers all combinations of factors, providing valuable information on interaction. However, the number of experimental runs increases rapidly. Using the 2-level factorial design, not only the number of runs is reduced, but also more information and well recognised is produced (Veiskaramia et al., 2014) . In the present study, the leaching of malachite in sulphuric acid medium was investigated considering several important parameters including particle size, solid percent, sulphuric acid stoichiometric ratio, and temperature.
Material and methods

Sample preparation
Representative sample ~350 kg was taken from Anarak Meskani ore which is located in central part of Iran. Sample comminution was done using jaw and roll crushers. Accordingly, d 80 of product was found to be 1550 micron. After homogenisation of sample taken from roll crusher's product, we riffled to 2 kg lots and stored in plastic bags for each particle in the range of 75 to 2000 micron. Then, ~30 g sample was sent for laboratory for chemical and mineralogical analysis.
Mineralogical studies
In Anarak area (~200 km east from Esfahan) are a few compositionally complex hydrothermal Cu-Ni-Co deposits which always attracted attentions of scientists (Bagheri et al., 2007) . The only deposits carrying copper sulphides in addition to nickel-cobalt arsenides are Talmessi and Meskani, which occur within 7 km of each other. The deposits of Talmessi and Meskani were mined for copper and nickel until 1960. Mining was then ceased; however, always finding a new innovative method to rebuild exploration and mineral processing construction was of highly importance. Host rocks of the Meskani deposits are dacite and andesite and its Cu-Ni-Co mineralisation is ascribed to the porphyry copper type. Figure 1 illustrates the geological map of Anarak region in Esfahan, Iran bearing copper in two important areas (i.e., Meskani and Talmessi) (Bagheri et al., 2007) .
Optical mineralogy using polished and thin sections, X-ray diffraction (XRD) and X-ray fluorescence (XRF) techniques were applied for ore characterisation. According to the XRD result (Figure 2 ), malachite and azurite were found to be the main minerals inside the ore. Due to the high degree of freedom for malachite, which was ~85%, the ore showed a great potential to use a proper leaching process. Minerals such as cuprite, silicates (quartz) and goethite were sporadically dispersed inside the ore. Table 1 illustrates the percent of each mineral obtained by XRF method.
The sample was grounded and sieved which the content of copper according to the fractions of ore is shown in Table 2 . Considering results in Table 2 , we concluded that as particle size decreases, copper percent tends to increase. Leaching experiment was carried out in particle size range of 600-1000 micron which contained ~1.15% copper ( Table 2 ). Results of optical microscope, as shown in Figure 3 , indicates that copper has a high degree of freedom around 60-70% along with some sporadically dispersed minerals including cuprite, azurite and negligible amount of carbonate minerals. Also, examining results obtained from optical microscope indicates that malachite is freely dispersed inside the ore. Consequently, leaching of malachite will be selectively and readily done if experimental conditions are effectively chosen.
Leaching experiment conditions
Agitation leaching was carried out in the laboratory scale using mechanical agitation (Ika-RW20, Germany) with manual controller unit and stainless steel impeller with a 9.85 cm diameter agitation. Mercury thermometer was used as temperature controller and aluminium cap to prevent solution from evaporation. Sulphuric acid with 98% purity was used as dissolution reagent of copper in all the experiment. Finally, all the experimental tests were planned using technique of design of experiments (DOE) such as full factorial method. All experiments were done for 1 h and the product was filtered, washed and dried after leaching treatment. The chemical analyses were performed using atomic absorption method to determine copper and iron content. 
Experimental design
Statics provide a way to extract information from data (Anderson and Whitcomb, 2000) . For such purpose, statistical design of experiments is widely reported effective in the process characterisation, optimisation and modelling (Haaland, 1989; Mannan et al., 2007) . The number of experiments required for understanding all the effects is given by a k where a is the number of levels and k is the number of factors (Ragonese et al., 2000; Massumi et al., 2002) . Using full factorial (2 level factorial design) for factor numbers <5 will be useful and give a comprehensive information about design model (Anderson and Whitcomb, 2000) . In order to examine the effect of parameters on the copper recovery, we chose four important parameters including particle size, solid percent, sulphuric acid stoichiometric ratio and temperature to be investigated. Responses were considered maximum copper recovery, minimum iron recovery and minimum consumption of sulphuric acid. Experimental parameters and their levels to be studied are given in Table 3 which was determined in the light of preliminary tests. In addition, Table 4 gives the obtained results for 19 studied experiments and response values in different designed levels. 
Results and discussion
Effect of sulphuric acid concentration
In order to examine the effect of sulphuric acid concentration on the copper recovery, we applied two different concentration of 5% and 20% and carried out the experiment vs. time. As it appears from Figure 4 , using high concentration of sulphuric acid (i.e., 20%) gave higher copper recovery (99.2%); however, when the experiment was performed using 5% gave less copper recovery (i.e., 87.57%) (Shabani et al., 2012; Ata et al., 2001) . If sulphuric acid is at a higher concentration, it will releases more acid particles per volume. This increases the chance of a fruitful or reaction collision. Consequently, higher concentration of sulphuric acid tends to bring more copper particles into solution which increases copper recovery. For leaching time longer than 200 min, both 5% and 20% sulphuric acid concentration tends to worsen copper recovery in the solution. This could be because copper particles exposed to sulphuric acid decrease after a certain time (200 min in this experiment) which finally reduces the recovery of copper. 
Bottle roll tests
Bottle roll test was carried out to determine the maximum recovery of copper and consumption amount of sulphuric acid. This experiment was done using particle sizes of 3 mm and 10 mm on the rotatory mills in three different sulphuric acid concentration of 5%, 10%, and 20%. Table 5 illustrates the obtained results for this experiment. Considering Table 6 , bottle roll test results highlight the point that as soon as feed particle size decreases, the amount of consumed sulphuric acid and copper recovery increases. This may be due to the fact that decreasing feed particle size releases free surface exposed to sulphuric acid which finally consumes more acid and as a result this increases copper recovery.
Table 5
Results obtained from bottle roll test for particle sizes finer than 3 mm and 10 mm (10% sulphuric acid) Table 6 Consumed acid and recovery of copper for particles finer than 10 mm without considerable fine particles with acid sulphuric of 5% and 20% 
Recovery of copper (%)
Analysis of variance
ANOVA makes it possible to check that the postulated model fits well to the experimental points (Pierlot et al., 2008) . By the means of half-normal graphs for different experiments, effective parameters were determined (Golshani et al., 2013; Fontana et al., 2000) . Results showed that model fitted well to data obtained for copper with a higher accuracy. P-values indicate the accuracy of a proposed model. Based on the results (Table 7) , high P-values indicate that three studied responses fit well to experimental data. The proposed model for copper recovery, iron recovery and sulphuric acid recovery were described below:
2.81
(R Cu) = +1.631E 005 1.084E 005C 17475.17D 
Model validation
One of the evaluation tool for model validation is to plot the predicted graph of the model vs. actual one. As it appears from Figure 5 , for three studied responses all data closely approached the drawn line. This implies that experimental data fit accurately to what software had predicted. Therefore, the results of these graphs along with Table 7 explain the accuracy of the proposed model by DX7 software.
Experiment optimum condition
Numerical optimisation technique was used for simultaneous optimisation of multiple responses. After modelling the responses, conditions of optimal experiment were accordingly obtained. Applying the considered conditions and using DX7 software, optimal conditions were obtained. In order to explore a solution to find studied responses, the goals were combined into an overall composite function, called the desirability function. Desirability is an objective function that ranges from '0' for least desirable, to '1' for most desirable. The numerical optimisation finds a point that maximises the desirability function. As sulphuric acid increases with temperature increase, iron recovery tends to increase, so to minimise iron recovey one should perform the exeperiment in lower sulphuric acid amount and lower temperature values as well. On the other hand, in order to maximise copper recovery (Figure 6 (D)) temperature and sulphuric acid amount play a key role which by increaseing temperature and sulphuric acid amount it reaches the highest value. By considering the importance of each response using DX7 software, we could get an optimum point (Table 8 ). Figure 6 (B) and (C) illustarate the sulphuric acid recovery dependance on the solid percent, temperature and sulphuric acid amount as well. 
Conclusion
The optimum conditions for the dissolution of malachite ore in H 2 SO 4 solutions have been determined. The major conclusions derived from the current research are:
• The most important parameters affecting the dissolution of malachite extracting copper were found to be sulphuric acid consumption and temperature. The solubility of copper increases with increasing sulphuric acid consumption rapidly. In addition, temperature increase tends to slightly affect copper recovery. The most important parameters affecting the solubility of iron were temperature and sulphuric acid consumption as well. In order to minimise iron recovery, as an impurity, experiment should be done in low temperature and sulphuric acid consumption. In addition, sulphuric acid recovery increases with increase in solid percent and temperature.
• The optimum conditions were found to be as follow: temperature: 25°C, solid percent: 45, sulphuric acid stoichiometric ratio: 4 and particle size: 600 micron. Under these optimum conditions, copper recovery, iron recovery and sulphuric acid recovery were 83.84, 2.96 and 99.64%, respectively.
